Groundwater NO 3 -N contamination in the Abbotsford-Sumas Aquifer in British Columbia, Canada, has been attributed primarily to NO 3 -N leaching from red raspberry (Rubus idaeus L.); however, direct estimates of NO 3 -N leaching are lacking. This study quantified the magnitude and timing of NO 3 -N leaching under a commercial red raspberry field over 30 mo (October 2010-March 2013) using passive capillary wick samplers installed below the root zone at three row locations (irrigated row, nonirrigated row, and alley) after the critical period of field renovation and replanting. Substantial NO 3 -N leaching (240 kg N ha −1 ) during the first year of monitoring was attributed to the effects of field renovation (including autumn chopping and incorporation of raspberry canes and soil fumigation and spring poultry broiler manure application) in the year prior to the initiation of monitoring. Lower NO 3 -N leaching (80 kg N ha −1 ) occurred in the second year of monitoring under typical mineral fertilizer management practices. Strong seasonality of NO 3 -N leaching was observed in both years, with ?48% in autumn, 34% in spring and summer, and 17% in winter. Approximately 60% of the NO 3 -N leaching was attributed to the alleys between raspberry rows, which did not receive mineral fertilizer or irrigation. The high proportion of leaching during spring and summer and from the alleys suggests that growing-season irrigation practices and alley vegetation management, respectively, would be good targets for the development of improved practices. The samplers were effective in quantifying the magnitude and timing of NO 3 -N leaching from a commercial agricultural field and informing the development of improved practices.
Groundwater NO 3 -N contamination in the Abbotsford-Sumas Aquifer in British Columbia, Canada, has been attributed primarily to NO 3 -N leaching from red raspberry (Rubus idaeus L.); however, direct estimates of NO 3 -N leaching are lacking. This study quantified the magnitude and timing of NO 3 -N leaching under a commercial red raspberry field over 30 mo (October 2010 -March 2013 using passive capillary wick samplers installed below the root zone at three row locations (irrigated row, nonirrigated row, and alley) after the critical period of field renovation and replanting. Substantial NO 3 -N leaching (240 kg N ha −1 ) during the first year of monitoring was attributed to the effects of field renovation (including autumn chopping and incorporation of raspberry canes and soil fumigation and spring poultry broiler manure application) in the year prior to the initiation of monitoring. Lower NO 3 -N leaching (80 kg N ha −1 ) occurred in the second year of monitoring under typical mineral fertilizer management practices. Strong seasonality of NO 3 -N leaching was observed in both years, with ?48% in autumn, 34% in spring and summer, and 17% in winter. Approximately 60% of the NO 3 -N leaching was attributed to the alleys between raspberry rows, which did not receive mineral fertilizer or irrigation. The high proportion of leaching during spring and summer and from the alleys suggests that growing-season irrigation practices and alley vegetation management, respectively, would be good targets for the development of improved practices. The samplers were effective in quantifying the magnitude and timing of NO 3 -N leaching from a commercial agricultural field and informing the development of improved practices. Nitrate has long been recognized as one of the most common groundwater contaminants globally (Holden et al., 1992; Spalding and Exner, 1993) . Groundwater NO 3 -N is a concern for human health (Health Canada, 2017; Manassaram et al., 2006; Schullehner et al., 2017; Ward and Brender, 2011) and is a concern for the ecological health of surface water as groundwater commonly discharges to surface water (Böhlke, 2002; Carpenter et al., 1998; Ryther and Dunstan, 1971) . Elevated groundwater NO 3 -N concentrations are commonly associated with intensive agricultural production (Böhlke, 2002; Nolan et al., 1997) . Although N is an essential nutrient that is often limiting for plant growth, difficulties in matching N supply to crop N demand in time and space can result in a surplus of NO 3 -N in the root zone and consequently to NO 3 -N leaching (Zebarth et al., 2009) . Unconfined aquifers with well-drained soils and intensive agricultural crop and livestock production are at greatest risk of NO 3 -N contamination (Hamilton and Helsel, 1995; Nolan et al., 1997; Spalding and Exner, 1993) . Soil and crop management practices (e.g., rate and timing of N fertilization, N source, cropping systems, tillage, irrigation) vary widely among fields and affect the magnitude of NO 3 -N available to leach from the root zone. Many studies have sought to examine the effects of specific practices on the risk of NO 3 -N leaching (Hansen and Djurhuus, 1997; Karimi and Akinremi, 2018; Shelton et al., 2018; Vinten et al., 1991) . However, field-scale estimates of NO 3 -N loss under commercial production practices are also necessary to inform groundwater protection and identify opportunities to improve N management efficiency. Located on the border of British Columbia, Canada, and the state of Washington in the United States, the Abbotsford-Sumas Aquifer (ASA) serves as the drinking water source for more than 100,000 residents (British Columbia Statistics, 2018) . The unconfined ASA is vulnerable to contamination from the land surface and has a decadal scale history of elevated groundwater NO 3 -N concentrations, with many monitoring wells above the 10 mg N L −1 drinking water guideline (Health Canada, 2017; Zebarth et al., 2015) . Land use overlying the Canadian portion of the ASA is comprised primarily of confined poultry production operations and small fruit crops of red raspberry and highbush blueberry (Vaccinium corymbosum L.) (Zebarth et al., 2015 (Zebarth et al., , 1998 . Historically, locally produced poultry manure was often applied to raspberry fields in the area (Zebarth et al., 2015) . Previous studies using N budgets have identified raspberry fields as important sources of NO 3 -N leaching to the ASA, with isotopic signatures of the NO 3 -N indicating poultry manure as an important N source (Wassenaar, 1995; Wassenaar et al., 2006; Zebarth et al., 1998) . Two studies have quantified groundwater NO 3 -N loading from individual raspberry fields in the ASA using groundwater methods (Kuipers et al., 2014; Malekani et al., 2018) . However, there are currently no published studies that have quantified inter-and intra-annual leaching of NO 3 -N from the root zone of raspberry over the ASA.
The risk of NO 3 -N leaching under different crops and management practices over the ASA was previously addressed primarily through measurement of postharvest residual soil NO 3 -N testing. Given evidence of minimal NO 3 -N leaching during the growing season and nearly complete NO 3 -N leaching from the root zone over the autumn and winter (Kowalenko, 1987) , the postharvest residual NO 3 -N was used as a proxy for the risk of NO 3 -N leaching (Dean et al., 2000; Kowalenko, 2000; Zebarth et al., 1995) . Of the major crops in the lower Fraser Valley, which includes the Canadian portion of the ASA, raspberry was found to have the greatest postharvest residual NO 3 -N . Residual soil NO 3 -N was greatest in raspberry fields that had received manure applications and generally increased with increasing mineral fertilizer application rate (Zebarth et al., 2007) . Considerable postharvest residual NO 3 -N was frequently observed in raspberry fields even when no fertilizer was applied in the previous growing season (Zebarth et al., 2007) . The postharvest residual NO 3 -N results suggest that the risk of NO 3 -N leaching can vary widely among commercial raspberry fields, likely in response to variations in management practices and soil properties, and may also vary significantly within individual fields (Zebarth et al., 2002 (Zebarth et al., , 2015 . Although researchers commonly assume NO 3 -N leaching occurs predominantly during the rainy non-growing season (Chesnaux and Allen, 2008; Zebarth et al., 2015) , evidence of NO 3 -N leaching from the root zone during the growing season was found in some raspberry fields and years (Zebarth et al., 2007) . This suggests that postharvest residual NO 3 -N may underestimate the risk of NO 3 -N leaching in some cases.
This study was part of a broader study that aimed to understand the controls of groundwater NO 3 -N in the ASA in British Columbia, Canada. The aim of the present study was to quantify the magnitude, and spatial and temporal variability, of NO 3 -N leaching from a commercial red raspberry field located over the ASA. This aim was achieved by measuring NO 3 -N leaching for 30 mo (October 2010-March 2013) using passive capillary wick samplers (PCAPSs) installed below the root zone at three row locations (alley, irrigated row, and nonirrigated row) at each of six spatial locations within the field. Passive capillary wick samplers have been widely used to measure both water flux and solute concentration (Brahy et al., 2002; Brandi-Dohrn et al., 1997; Holder et al., 1991; Jabro et al., 2012) . Chloride was also measured as a conservative solute to aid in the interpretation of the NO 3 -N leaching results.
Materials and Methods

Study Site
The study site was located over the ASA. The ?200-km 2 ASA is a valuable source of drinking and irrigation water because it is comprised of highly conductive sand and gravel underlying well-drained soils and receives abundant recharge. The Canadian portion of the ASA receives an average 1538 mm yr −1 of precipitation , including 1483 mm yr −1 as rainfall (Environment and Climate Change Canada, 2018) . On average, ?70% of the rainfall occurs outside of the April to October growing season (Environment and Climate Change Canada, 2018) . Model estimates of recharge rates range spatially from 650 to 1150 mm yr −1 (Holländer et al., 2016; Scibek and Allen, 2006) .
The study site was an anonymous commercial raspberry field used previously by Malekani et al. (2018) . The field was ?140 m wide in the direction of groundwater flow and 250 m long. The soil belongs to the Abbotsford soil series, which is classified in the Canadian soil classification system as an Orthic HumoFerric Podzol (Luttmerding, 1980) . The well-drained, silt loam soil extends to about 0.50 m depth before transitioning to coarse sand and gravel aquifer material (Luttmerding, 1980) . The shallow water table fluctuates annually by about 3 m, rising to a maximum elevation of about 3 m below the soil surface between January and March (Malekani et al., 2018) .
The field was in raspberry production for more than 10 yr before the establishment of this study. It is standard practice for raspberry growers to "renovate" their raspberry stands every 7 to 10 yr, mainly for control of soil-borne pests and diseases. Renovation of this raspberry stand began in autumn 2009. During the renovation, the supporting stakes were removed, raspberry canes were chopped and left in place, the soil was rototilled and fumigated, and then the soil was rototilled three times prior to replanting in spring 2010. An unknown quantity of poultry broiler manure was surface broadcast across the entire field and incorporated by rototilling in February 2010.
New raspberry crowns were planted in March 2010 in rows spaced 3 m apart. After planting, an area ?1.2 m wide (i.e., "row") centered on the plant row was left untilled throughout the monitoring period, whereas the 1.8-m-wide "alley" between rows was rototilled regularly throughout the spring and summer to control weed growth (Fig. 1a) . Buried drip irrigation lines were installed immediately after planting, adjacent to one side of each raspberry row, hereafter referred to as the "irrigated row" location. The alternate side of the row is hereafter referred to as the "nonirrigated row" location.
Granular mineral fertilizer containing a total of 8 g N m −2 (80 kg N ha −1 ) was surface broadcast on the row in two equal split applications on 31 Mar. and 7 May 2010. Irrigation was active from June through September depending on precipitation. Because irrigation application rates and the daily timing were not recorded, the seasonal and annual irrigation applications are unknown. Fertility records were not available after 2010. However, the grower was expected to have applied the recommended fertilizer N management (British Columbia Ministry of Agriculture, 2018) of two equal split spring fertilizer N applications for a total of ?10 g N m −2 (100 kg N ha −1 ). The canes were pruned annually to remove old canes and any excessive new canes according to standard grower practices (British Columbia Ministry of Agriculture, 2018).
Passive Capillary Wick Sampler Construction, Installation, and Sampling
Passive capillary wick samplers, which collect soil water samples using a hanging wick to exert matric tension on soil water, have the benefit of allowing for the measurement of both water flux and solute concentration and hence allow the estimation of leaching flux. Passive capillary wick samplers have been used for measuring water flux under a wide range of climatic and soil conditions (Brahy et al., 2002; Boll et al., 1992; Gee et al., 2002; Holder et al., 1991; Jabro et al., 2012; Knutson and Selker, 1994; Meissner et al., 2010) . Additionally, PCAPSs have negligible effects on solute concentrations in infiltrating water (Boll et al., 1992; Holder et al., 1991; Knutson and Selker, 1994) , making them a suitable tool for measuring NO 3 -N leaching (Brahy et al., 2002; Brandi-Dohrn et al., 1996 .
The PCAPSs were designed and constructed for this study. The wick was a 0.025-m-diameter, medium-density fiberglass rope with a length of 0.35 m chosen to exert a tension on the wick plate matching the expected soil conditions (Knutson and Selker, 1994; Kuchta, 2012) . Prior to installation, the wicks were cleaned by heating at 400°C for 3 h (Knutson et al., 1993) . The PCAPS bodies were constructed from 0.60-m lengths of 0.25-m-diameter 
p. 4 of 12
Schedule 40 polyvinyl chloride (PVC) pipe (Fig. 1b) . The bottoms of the PCAPSs were sealed to store extracted leachate between sampling events, and a 0.05-m-diameter outlet pipe was installed close to the top of the PCAPS body as an extraction tube conduit. The wick plate was fastened to the top of the body, which allowed a 0.30-m-deep column of water storage in the PCAPS body below the bottom of the wick. The storage volume (?15 L) below the wick was designed to accommodate more than 2 wk of leachate estimated based on precipitation records. A 0.20-m divergence barrier, which has been demonstrated to maximize collection efficiency (Gee et al., 2002) , was constructed from a 0.25-m-diameter Schedule 40 PVC coupling. The cleaned wicks were splayed on the wick plate and fastened sparingly with silicon caulking because the pressure of the soil would hold the wick in place once installed.
Six plot areas were selected for PCAPS installation along a transect that was approximately parallel to the direction of groundwater flow and perpendicular to the row direction. Each plot was 10 m long and 7.2 m wide, where the width included three crop rows and two alleys. One PCAPS was installed under each of three distinct locations within each plot that was expected to have different water and NO 3 -N leaching fluxes: the alley, the irrigated row, and the nonirrigated row (Fig. 1a) .
The PCAPSs were installed in August 2010 after renovation and replanting. The PCAPSs were installed immediately below the root zone. The root zone for this site was defined as 0.55 m because the sand and gravel below this depth are unfavorable for the growth of raspberry roots.
Installation of the PCAPSs was conducted with a post hole auger, which minimized disruption in the commercial raspberry field. The post hole auger made it impossible to preserve the soil structure above the PCAPSs during installation. However, coarsetextured soils are inherently poorly structured, and soil disturbance during PCAPS installation was expected to have limited influence on estimates of water and NO 3 -N leaching relative to the intensive tillage associated with the field renovation and replanting process. The extraction conduits (Fig. 1b) , which contained two vinyl tubes to pump water out of the PCAPSs, were trenched into the center of the rows to avoid damage from farm machinery.
The PCAPSs were evacuated on 7 Oct. 2010 at the start of the monitoring period. Monitoring included 55 approximately biweekly sampling events between 19 Oct. 2010 and 26 Mar. 2013, which included 2.5 hydrologic years. Year 1 (Y1) of the study was defined as the hydrologic year from 1 Oct. 2010 to 30 Sept. 2011, Year 2 (Y2) was defined as the hydrologic year from 1 Oct. 2011 to 30 Sept. 2012, and Year 3 (Y3) , which was an incomplete hydrologic year, was defined as 1 Oct. 2012 to 31 Mar. 2013 . In each sampling event, the PCAPSs were evacuated via the extraction conduit with a peristaltic pump, the volume of the water accumulated since the last sampling date measured, and an ?100-mL subsample collected and stored at −18°C before analysis. Samples were thawed and filtered through a 25-mm-diameter, 0.2-μm, ion chromatography Aerodisc syringe-type filter (Pall Life Sciences) before NO 3 -N and Cl analysis using ion chromatography (ICS-1000, Dionex) with a detection limit of 0.05 mg L −1 and an analytic error of <3% for Cl and <4% for NO 3 -N (Eaton et al., 2005) . Concentrations below the detection limit were treated as zero.
Efficiency of Passive Capillary Wick Samplers
Passive capillary wick samplers have the potential to be affected by the lateral flow (convergent or divergent) of infiltrating water. Therefore, it is important to compare the measured water flux with the expected flux, referred to as the "collection efficiency." The collection efficiency of the PCAPSs was evaluated in two ways. First, average seasonal water flux measured from PCAPSs was divided by the expected water flux obtained from a seasonal water balance (Scanlon et al., 2002) , where the water balance was calculated using climatic data from the Abbotsford Airport as precipitation (P) minus crop evapotranspiration (ET C ). Crop evapotranspiration was calculated by multiplying reference crop evapotranspiration (ET o ) (estimated for a grass reference using a modified Penman-Monteith equation) by raspberry crop coefficients applied on a seasonal basis (Kc ini , winter and spring; Kc mid , summer; Kc end , autumn) (Van der Gulik and Nyvall, 2001) . Second, the average seasonal water flux measured from PCAPSs was divided by the seasonal groundwater recharge total calculated using the water table fluctuation method Heppner and Nimmo, 2005) . The collection efficiency was evaluated on a seasonal basis to reduce the potential error associated with the uncertainty in the time lag between the timing of the moisture surplus and arrival of leachate in the PCAPSs and the time lag between the arrival in the PCAPSs and the arrival at the water table. Seasons with estimated water deficits (i.e., summer 2011 and 2012) were not considered when using the former approach but were considered when using the latter approach. The collection efficiency was not estimated for the irrigated row because the rate and timing of irrigation were unknown.
Recharge was estimated on an hourly basis using the water table fluctuation (WTF) method Heppner and Nimmo, 2005) . Hourly water level data were collected using pressure transducers (Model 3001, Solinst) deployed in a groundwater monitoring well located at the downgradient edge of the field. A master recession curve (Heppner and Nimmo, 2005) was developed using linear regression with water level recession rate as a function of the water level. The master recession curve was used to predict the water level recession in the absence of recharge for each hourly interval, and the differences between the measured and predicted water levels were taken as the change in water level due to recharge (DH). The estimated recharge was calculated by multiplying DH by the specific yield, where specific yield was assumed to be 0.23 for sand and gravel (Anderson and Woessner, 1992) .
Statistical Analysis
The water flux was calculated for each sampling period by dividing the volume of water collected in each PCAPS by the area of the wick plate (0.05 m 2 ). Solute leaching fluxes from the root zone were calculated by multiplying the volume of water collected in each PCAPS during that sampling period by the solute concentration, assuming that the PCAPSs only sampled pore water that infiltrated from directly above the wick plates. Weighted field loss estimates were calculated assuming relative areas of 0.6, 0.2, and 0.2 for the alley, the irrigated row, and the nonirrigated row, respectively (Fig. 1a) .
Based on the sampling period, seasons were defined as autumn (1 October-31 December), winter (1 January-31 March), spring (1 April-30 June), and summer (1 July-30 September). The total water and the Cl and NO 3 -N mass fluxes measured for each sampling interval were divided equally over the sampling interval to obtain daily rates so that seasonal totals could be calculated by summing the daily rates. The daily rates measured in the first sampling interval were applied to the 1 Oct. to 7 Oct. 2010 period, and the daily rates measured in the last sampling interval were applied to the 26 Mar. to 31 Mar. 2013 period.
The seasonal totals of water, Cl mass, and NO 3 -N mass fluxes were log-transformed to be normally distributed prior to statistical analyses. The differences (a = 0.05) among row locations on seasonal and annual totals were tested using the Mixed Model procedure with the maximum likelihood method and with repeated measures having an assumed autoregressive covariance structure (SAS Institute, 2012) . Fixed effects included the row location (alley, irrigated row, or nonirrigated row), season number (i.e., seasons numbered consecutively from 1 [autumn 2010] to 10 [winter 2013]), and the interaction of row location and season number; mixed effects included the plot number (i.e., 1-6).
Farm management affected sample collection in two of the six plot areas. An area about 15 m wide, which included one of the six plots on the upgradient side of the field, was removed from production in spring 2011 with raspberry plants cut and removed and the land allowed to naturalize as grass. Consequently, one of the remaining plots was located at the new field boundary and experienced stress, which caused reduced crop vigor. The data from affected samplers were included in the statistical analysis before, but not after, crop removal.
Results
Water Balance
Total precipitation between 19 Oct. 2010 and 26 Mar. 2013 was 3953 mm, with 1598 mm of precipitation in Y1, 1319 mm in Y2, and 1036 mm in the first two seasons of Y3 (Table 1) . Precipitation varied seasonally (Fig. 2a) , with the majority occurring in the autumn (?29%) and winter (?38%) and less during the spring (?24%) and summer (?8%) ( Table 1) . Total ET C was calculated using the ET o (Farmwest, 2018) at 1228 mm, with 562 mm in Y1, 580 mm in Y2, and 86 mm in the first two seasons of Y3 (Table 1) . The evapotranspiration rate also varied seasonally, with the highest rate occurring in summer and the lowest rate occurring in winter (Fig. 2a) . Precipitation and evapotranspiration yielded a water balance (i.e., P -ET C ) of 2725 mm, with 1036 mm in Y1, 739 mm in Y2, and 951 mm in the first two seasons of Y3 (Table 1) .
Water Table Fluctuations and Recharge
The water table varied seasonally from 5.57 to 2.76 m below the ground surface (mbgs) in Y1, from 5.49 to 3.27 mbgs in Y2, and from 5.66 to 2.61 mbgs in the autumn and winter in Y3 ( 554 † ET C , raspberry crop evapotranspiration. ‡ Field average weighted by representative field areas: alley, 0.6; irrigated row, 0.2; nonirrigated row, 0.2. § The effect of row location was considered for each season using the differences of least squares means; means followed by no letter or the same letter indicate that there was no significant difference observed (a = 0.05).
‡ ----------------------------------mm ----------------------------------
2b). The total rise in the water table (DH), which was presumed to result from local and regional groundwater recharge, was 4.93 m in Y1 and 3.59 m in Y2. The resulting estimates of recharge were 1134 and 826 mm of recharge for Y1 and Y2, respectively, assuming a specific yield of 0.23. Recharge was greatest in the winter (36 and 56% of the total recharge in Y1 and Y2, respectively). The remaining recharge was mainly in the autumn (36 and 26% in Y1 and Y2, respectively), with a moderate amount in the spring (15 and 14% in Y1 and Y2, respectively) and the least in the summer (8 and 4% in Y1 and Y2, respectively) ( Table 1) .
Water Flux and Collection Efficiency
The total water flux measured by PCAPS during the 30-mo study period was 2494 mm under the alleys, 3535 mm under the irrigated row, and 2708 mm under the nonirrigated row (Table 1) . The field-weighted water flux varied seasonally (Fig. 2c) (Table  1) . Weighting these portions of the row by their relative areas gave a field-weighted total of 2745 mm over the 30-mo study period and an average water flux of 1098 mm yr −1 . The measured water flux varied temporally with an estimated 1286 mm yr −1 in Y1 and only 512 mm yr −1 in Y2. The measured water flux also varied seasonally, with the majority of the annual total occurring in the autumn (?30%) and winter (?42%) and less occurring in the spring (?12%) and summer (?16%). Significant differences in water flux among row locations were sometimes observed (Fig. 2c) ( Table 1 ). The average water flux in spring 2011 did not differ significantly between the irrigated row (193 mm) and the nonirrigated row (126 mm) but was greater than under the alley (91 mm). In summer 2012 (i.e., the irrigation season), water flux under the alley (47 mm) and the nonirrigated row (29 mm) was significantly lower than under the irrigated row (254 mm).
Using the water balance, the estimated collection efficiency in the alley varied from 0.23 in spring 2012 to 1.38 in winter 2013 and averaged 0.67 over the monitoring period (Table 1 ). The collection efficiency in the nonirrigated row varied from 0.39 in spring 2012 to 1.29 in winter 2013 and averaged 0.76 over the monitoring period (Table 1) .
Using recharge estimated by the WTF method, the collection efficiency in the alley ranged from 0.34 in winter 2012 to 1.88 in summer 2011 and averaged 0.92 over the monitoring period. The collection efficiency in the nonirrigated row ranged from 0.58 in winter 2012 to 1.67 in summer 2011 and averaged 0.95 over the monitoring period. 
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Chloride and Nitrate-Nitrogen Concentrations and Flux
The total Cl leached during the 30-mo study period was 9.3 g Cl m −2 under the alley, 19.1 g Cl m −2 under the irrigated row, and 9.5 g Cl m −2 under the nonirrigated row (Table 2 ). There was no significant difference among row locations in the mass Cl leached for Y1, which resulted in a field-weighted average of 6.1 g Cl m −2 (Table 2 ). There was significantly more Cl leached under the irrigated row than under the nonirrigated row and alley for Y2 and resulted in a field-weighted average of 3.0 g Cl m −2 ( Table 2) . The alley accounted for 60% of the total Cl leached from the field in Y1, with the remaining 40% split between the irrigated row (25%) and the nonirrigated row (15%). In comparison, the irrigated row accounted for 55% of the total Cl leached from the field in Y2, with 27% from the alley and 18% from the nonirrigated row.
The Cl concentrations and flux varied temporally with the greatest rates measured in the summer and autumn months and the lowest rates measured in winter months ( Fig. 3a and 3b ). This resulted in variation in the seasonal totals of Cl leached Y1 with the largest fraction leaching in autumn 2010 (52%) and summer 2011 (31%), whereas winter 2011 (11%) and spring 2011 (6%) accounted for much smaller proportions (Table 2 ). There was a similar but less pronounced seasonal variation in Y2 when autumn 2011 (30%) and summer 2012 (29%) accounted for the largest proportions of the annual Cl leached. Winter 2012 (22%) and spring 2012 (20%) accounted for smaller proportions (Table 2) .
There was no significant difference in the mass of Cl leached from the three row locations during most of the seasons (Table 2) . In spring 2011, the total Cl leached under the alley (0.08 g Cl m −2 ) and the nonirrigated row (0.36 g Cl m −2 ) was significantly lower than under the irrigated row (1.3 g Cl m −2 ). The total Cl leached during summer 2012 under the alley (0.12 g Cl m −2 ) and the nonirrigated row (0.06 g Cl m −2 ) was significantly lower than under the irrigated row (3.9 g Cl m −2 ).
The total NO 3 -N leached during the study period was 39.5 g N m −2 under the alley, 40.0 g N m −2 under the irrigated row, and 33.0 g N m −2 under the nonirrigated row. There was no significant difference among row locations in the annual mass NO 3 -N leached, which resulted in field-weighted averages of 23.9 g N m −2 for Y1 and 7.9 g N m −2 in Y2 (Table 2) . Adjusting the total NO 3 -N leached under each row location for their respective areas, the alley accounted for 62%, the irrigated row accounted for 21%, and the nonirrigated row accounted for 17%. These proportions were approximately the same for both years.
The NO 3 -N concentrations and flux varied temporally with the greatest rates measured in the autumn months and the lowest rates measured in winter months ( Fig. 3c and 3d ). Elevated NO 3 -N concentrations were also measured in the summer of Y1. This resulted in variation among seasonal totals of the NO 3 -N mass leached in Y1, with the largest fraction leaching in autumn 2010 (46%) and summer 2011 (29%), whereas winter 2011 (14%) and spring 2011 (10%) accounted for much smaller proportions (Table 2 ). Unlike Cl, seasonal variation in the NO 3 -N mass leached in Y2 had a similar magnitude as Y1, when autumn 2011 (51%) and winter 2011 (20%) accounted for the largest proportions of the annual NO 3 -N leached, whereas spring 2012 (13%) and summer 2012 (17%) accounted for smaller proportions (Table 2) . Table 2 . Average seasonal Cl or NO 3 -N mass leached under each row location and the field-weighted average. The effect of row location was considered for each season using the differences of least squares means. - Winter 2013 0.6 0.7 0.6 0.6 3.1 2.1 1.9 2.7 † Field average weighted by representative field areas: alley, 0.6; irrigated row, 0.2; nonirrigated row, 0.2. ‡ Means followed by no letter or the same letter indicate that there was no significant difference observed (a = 0.05).
There was no significant difference in the amount of NO 3 -N leached from the different row locations for most seasons (Table 2) . In spring 2011, total NO 3 -N leached under the alley (1.0 g N m −2 ) was significantly lower than the irrigated row (7.2 g N m −2 ), and NO 3 -N leached under the nonirrigated row (2.6 g N m −2 ) was intermediate between the two. The NO 3 -N leached in autumn 2011 was significantly greater under the nonirrigated row (5.7 g N m −2 ) than under the irrigated row (0.43 g N m −2 ), and the NO 3 -N leached under the alley (4.7 g N m −2 ) was not significantly different from the irrigated or nonirrigated row.
Discussion
The 30-yr (1981-2010) average annual precipitation is 1538 mm (SD, 220 mm) (Environment and Climate Change Canada, 2018) , and the average annual ET o is 768 mm (SD, 33 mm) (Farmwest, 2018) . Therefore, we expect the annual water balance to range from 517 mm, in a year with low precipitation and high ET o , to 1023 mm, in a year with high precipitation and low ET o . The estimated annual water balances (calculated using ET o for raspberry) for Y1 (887 mm) and Y2 (578 mm) were both within this range of expected water balance values. Thus, the years included in the monitoring period were not anomalously wet or dry years.
Estimates of recharge rates on the ASA vary spatially from ?630 to 1150 mm, with estimates of 950 to 1000 mm at the location of the study site (Scibek and Allen, 2006) . A more recent study estimated recharge rates of 848 to 859 mm for the ASA (Holländer et al., 2016) . Therefore, the water flux recorded by PCAPSs (Y1, 1286 mm; Y2, 512 mm) and recharge measured at the water table by the WTF method (Y1, 1134 mm; Y2, 826 mm) in this study were generally comparable with previous estimates of recharge (Holländer et al., 2016; Scibek and Allen, 2006) .
Collection Efficiency of Passive Capillary Wick Samplers
The collection efficiency averaged across seasons was 0.81 using the water balance approach and 0.96 using the groundwater recharge approach. This suggests that, overall, the PCAPSs were collecting leachate efficiently. There were, however, seasonal variations in the calculated collection efficiencies, with some seasons having measured water fluxes that were considerably higher than the expected (water balance or recharge). The water flux measured by PCAPSs was generally more similar to the estimated recharge than to the calculated water balance. The collection efficiency in this study compares favorably with previous studies. For example, other studies found PCAPS efficiency ranging from 77% (based on recovery of bromide tracer; Brandi-Dohrn et al. [1996] ) to 125% (based on water balance; Louie et al. [2000] ).
Chloride Fluxes
The leaching of Cl, which is nonreactive and expected to have limited plant uptake, can be a useful parameter for the interpretation of leaching of more reactive and biologically important solutes, such as NO 3 -N. The total annual Cl leached was 6.1 and 3.0 g Cl m −2 for Y1 and Y2, respectively, which is equivalent to 61 and 30 kg Cl ha −1 , respectively. The two main sources of Cl expected in the field were manure (spring 2010) and KCl fertilizer (spring applied annually). The quantity of Cl applied in manure is unknown. The Cl applied as fertilizer was 51 kg Cl ha −1 in spring 2009 and 40 kg Cl ha −1 in spring 2010. The Cl applied in spring of 2011 and 2012 is unknown, but it was expected to be similar to that applied in 2010. The greater Cl leaching in Y1 is consistent with the manure applied in the spring of 2010. The annual estimates of Cl leached were consistent with a previous study at this site, which used a shallow groundwater monitoring approach to estimate that 56 kg Cl ha −1 was exported from the study field during the year prior to the current study (October 2009 -October 2010 (Malekani et al., 2018) .
Annual Leached Nitrate-Nitrogen
The total annual NO 3 -N leached was 23.9 and 7.9 g N m −2 for Y1 and Y2, respectively, which is equivalent to 239 and 79 kg N ha −1 , respectively. The sources of N include poultry manure, mineral fertilizer, atmospheric deposition, irrigation water, and net soil N mineralization. The N from atmospheric deposition and irrigation was expected to be relatively similar between years, whereas the mineral fertilizer application in spring 2010 was likely somewhat smaller than in spring 2011. The greater NO 3 -N leached in Y1 is therefore attributed primarily to the large N input associated with manure application in spring 2010. Similarly, residual soil NO 3 -N in commercial raspberry fields in the Lower Fraser Valley, BC, which received manure (355 kg N ha −1 ), tended to be greater than for fields that received only mineral fertilizer (165 kg N ha −1 ) (Zebarth et al., 1998) . In studies that used groundwater methods to estimate groundwater NO 3 -N loading, 174 kg N ha −1 was estimated under a manured raspberry field (Kuipers et al., 2014) , whereas 80 kg N ha −1 was estimated under the current study field, which, at the time, had not recently received manure (Malekani et al., 2018) .
Seasonal Variation in Nitrate-Nitrogen Leaching
Seasonal patterns of NO 3 -N leaching from raspberry fields over the ASA have been previously inferred through examination of seasonal variation in soil mineral N concentrations (Kowalenko, 1987) . Soil NO 3 -N concentrations increase in spring in response to the application of mineral fertilizer and/or manure. Leaching losses of NO 3 -N during the crop growing season (i.e., spring and summer) were thought to be minimal because root zone NO 3 -N commonly accumulates throughout the growing season, reaching a maximum in late summer or early autumn (Dean et al., 2000; Kowalenko, 1987) . Most NO 3 -N leaching was expected to occur in autumn after the onset of heavy rainfall events that leach essentially all NO 3 -N from the soil profile (Zebarth et al., 2002) . Limited NO 3 -N was expected over the winter because soil NO 3 -N concentrations are low, and soil N mineralization is reduced due to cold soil temperatures.
Seasonal patterns of NO 3 -N leaching in the current study were somewhat different than expected. Although autumn was the most important season for leaching of NO 3 -N and Cl, autumn NO 3 -N leaching represented only about half of the annual total in either year. Although the majority of NO 3 -N was leached in the autumn season, monitoring leaching only in the autumn would have been insufficient for accurately capturing the annual NO 3 -N leaching totals. Therefore, although using residual soil NO 3 -N as a proxy for annual NO 3 -N leaching is a cost-effective approach, it is likely that annual NO 3 -N leaching will be underestimated. Consequently, measuring NO 3 -N leaching over time is essential for capturing the temporal dynamics of NO 3 -N leaching as well as the annual totals.
Substantial NO 3 -N leaching occurred during the spring and summer, representing ?39 and 29% of annual leaching in Y1 and Y2, respectively. Much of this leaching occurred in the irrigated row, suggesting that the leaching was associated with the banding of the mineral fertilizer in the crop row in combination with irrigation-induced leaching. Similarly, numerically greater water and Cl flux in the irrigated row compared with other row locations is consistent with irrigation-induced leaching. It is also possible that wetter soil conditions, resulting from irrigation, enhanced soil N mineralization in this row location (Dessureault-Rompré et p. 10 of 12 al., 2011). Significant NO 3 -N leaching from the alley and nonirrigated row was measured in the 6 Sept. to 29 Sept. 2011 sampling event (Fig. 3d) , which occurred with the first significant leachate measured under the alley and nonirrigated row during summer 2011 (Fig. 2c) . It is commonly assumed that NO 3 -N leaching does not occur over the ASA during the summer because of the predicted soil water deficit (Table 1) (Chesnaux and Allen, 2008; Kowalenko, 1987) . However, the measured NO 3 -N leached over summer in this study presents clear evidence that leaching can occur even during relatively dry summers, like the summer in Y2, which had a water deficit of 261 mm (not including irrigation) compared with 132 mm in the summer of Y1. The greater-thanexpected NO 3 -N leaching during the spring and summer in the current study may in part reflect changes in irrigation patterns (i.e., transition from overhead irrigation to drip irrigation) since previous studies (Dean et al., 2000; Kowalenko, 1987; Zebarth et al., 2007) were conducted.
The least NO 3 -N leaching occurred under the cold soil conditions during the winter season. There was, however, more leaching than might have been expected, representing ?14 and 20% of the annual NO 3 -N leaching in Y1 and Y2. There are two likely sources of N that resulted in winter NO 3 -N leaching. The first is that some residual NO 3 -N was accumulated during the growing season but was not fully leached from the root zone during the autumn precipitation. The magnitude of Cl leaching during the winter is consistent with this explanation. The second is that NO 3 -N formed through soil N mineralization and nitrification over the winter season. There is increasing evidence that soil N mineralization under cold soil temperatures is greater than previously thought (Clark et al., 2009 ).
Spatial Variability of Nitrate-Nitrogen Leaching
The leaching from the field was highly spatially variable both in terms of the plots across the field and the row locations within plots (Fig. 4) . The raspberry production system is spatially variable with crop rows and alleys, which was accounted for when designing the study (Fig. 1a) . Uptake of N is expected to occur primarily in the row as the alleys are tilled. Fertilizer is applied to the crop row, whereas irrigation is applied to only one side of the crop row. These management practices would be expected to contribute to the spatial variability of NO 3 -N leaching from the field.
There was no significant difference among row locations in the annual total estimated NO 3 -N leaching from the field, which was surprising given the different management of the three row locations. The lack of a significant difference in annual totals among row locations did not necessarily mean that there was no difference. In fact, there were some seasons with significant differences among the row locations, and in some seasons the difference was large in magnitude but not statistically significant. Each of the management practices, which were expected to contribute to the spatial variation, were expected to also contribute to seasonal variation. In general, the differences in NO 3 -N leached could be related to the timing of the management. For example, the spring NO 3 -N leaching total under the irrigated portion of the row was significantly larger than the alley in Y1, which can be attributed to the annual spring application of mineral fertilizer that was banded onto the row coupled with spring precipitation.
Additional plots may have reduced the uncertainty, resulting in statistical significance among row locations both annually and seasonally. Unfortunately, two of the plots were removed, and two additional PCAPSs ceased operation. Additionally, the application of manure to the entire field likely contributed to the similarity in NO 3 -N leaching among row locations (Fig.  4a ) and potentially to variability in NO 3 -N leaching across the field. There was a significant difference among plots found in the annual totals of NO 3 -N for Y2, but there was no indication of a trend across the study field (Fig. 4b) . The variability across the field may have been better addressed with additional plot locations. The location of PCAPSs in future studies should be chosen to reflect the nature of the variability in the field site. In this case, the variability among row locations was targeted, and this was key to understanding the importance of the alleys for NO 3 -N leaching from the field. Root zone NO 3 -N leaching was successfully measured using PCAPS installed under a commercial raspberry field over the ASA with a collection efficiency of 66 to 96%, and the measurements provided new insight regarding the temporal and spatial dynamics of leaching from young raspberry fields. The much greater NO 3 -N leaching in Y1 compared with Y2 was attributed primarily to the manure application during field renovation. Large interannual variation in NO 3 -N leaching under an individual field like that observed in this study could contribute to the interannual variation of groundwater NO 3 -N concentrations observed in monitoring wells in the ASA. Although NO 3 -N leaching has previously been assumed to occur primarily in the autumn, autumn leached NO 3 -N represented only about half of the annual total. The unexpectedly high proportion of NO 3 -N leaching (29 and 39% of annual total) during spring and summer and the large proportion (60%) of NO 3 -N leaching from the alleys suggest that growing season irrigation practices and alley vegetation management, respectively, would be good targets for the development of improved practices.
